The optical observations of Ic-4 supernova (SN) 2016coi/ASASSN-16fp, from ∼ 2 to ∼ 450 days after explosion, are presented along with analysis of its physical properties. The SN shows the broad lines associated with SNe Ic-3/4 but with a key difference. The early spectra display a strong absorption feature at ∼ 5400Å which is not seen in other SNe Ic-3/4 at this epoch. This feature has been attributed to He i in the literature. Spectral modelling of the SN in the early photospheric phase suggests the presence of residual He in a C/O dominated shell. However, the behaviour of the He i lines is unusual when compared with He-rich SNe, showing relatively low velocities and weakening rather than strengthening over time. The SN is found to rise to peak ∼ 16 d after core-collapse reaching a bolometric luminosity of L p ∼ 3 × 10 42 erg s −1 . Spectral models, including the nebular epoch, show that the SN ejected 2.5 − 4 M of material, with ∼ 1.5 M below 5000 km s −1 , and with a kinetic energy of (4.5 − 7) × 10 51 erg. The explosion synthesised ∼ 0.14 M of 56 Ni. There are significant uncertainties in E (B − V) host and the distance however, which will affect L p and M Ni . SN 2016coi exploded in a host similar to the Large Magellanic Cloud (LMC) and away from star-forming regions. The properties of the SN and the host-galaxy suggest that the progenitor had M ZAMS of 23 − 28 M and was stripped almost entirely down to its C/O core at explosion.
INTRODUCTION
In order for the death of a massive star to result in a stripped-envelope supernova (SE-SN) event (Clocchiatti & Wheeler 1997 ) the progenitor star must undergo a period of severe envelope stripping but how this mass loss occurs is not fully understood. There are three favoured mechanisms for envelope stripping. The first is through strong stellar winds, which are both metallicity and rotation dependent, and can results in mass-loss rates of 10 −4 − 10 −5 M yr −1 (e.g., Maeda et al. 2015; Langer 2012) . However, stellar evolution models of single stars struggle to remove He to the upper limit given by Hachinger et al. (2012) for a He-poor SN.
The second mechanism is episodic mass loss during a luminous blue variable (LBV) stage, where periodic pulsations eject a few M of stellar material (Smith et al. 2003 ). This requires a progenitor star of many 10s M (Foley et al. 2011 ) and such stars may not lose enough of their H-/He envelopes before core-collapse (Elias-Rosa et al. 2016 ).
The third is through binary interaction when a star transfers much of its mass to a donor through Roche-lobe overflow or the outer envelope is expelled during a commonenvelope phase (Nomoto et al. 1994; Podsiadlowski et al. 1992) . This third mechanism is the most likely route for all but the most massive progenitors of SE-SNe and allows progenitors of lower mass, which as single stars may explode as SNe IIP, to explode as SE-SN events. This reconciles the discrepancy between the relative rates of core-collapse SNe and mass-driven rates (e.g, Shivvers et al. 2017) .
There have been detections of progenitor stars for a few SE-SNe, these are all He-rich (See, for example, Arcavi et al. 2011; Van Dyk et al. 2014; Eldridge et al. 2015; Eldridge & Maund 2016; Kilpatrick et al. 2017; Tartaglia et al. 2017 ). In the case of SN 1993J (Maund et al. 2004; Fox et al. 2014) , SN 2011dh (Folatelli et al. 2014; Maund et al. 2015) , and SN 2001ig (Ryder et al. 2018) , late time imaging of the explosion site has revealed evidence for companion stars. It is unknown whether these companions would have been close enough to affect the evolution of the SN progenitor. The progenitors of SNe Ic are not well understood. From single star evolution models they are expected to be Wolf-Rayet stars (e.g., Georgy et al. 2012) . However, no confirmed progenitor has yet been seen in archival images placing strict limits on massive WR progenitors (Smartt 2009; Yoon et al. 2012) . It has been found that ejecta masses for these He-poor SNe range from ∼ 1 M (Sauer et al. 2006; Mazzali et al. 2010 ) to ∼ 13 M . This translates into a range of progenitor masses from ∼ 15 − 50 M . The lower end of this distribution is in the range of progenitors of SNe IIP, where observations suggest that M ZAMS ∼ 10−16 M (Smartt 2009; Valenti et al. 2016 ) and theory predicts progenitors of up to 25 M . The discrepancy may be caused by an underestimate in amount of circumstellar extinction (Beasor & Davies 2016) .
In this work we present optical photometric and spectroscopic observations of the nearby SN 2016coi/ASASSN16fp. The SN is densely sampled between ∼ 20 − 200 d after explosion with 55 spectroscopic observations making SN 2016coi one of the best sampled SE-SNe to date, a consequence of its early discovery and proximity. This SN was originally classified as a "broad-lined" type Ic SN but Yamanaka et al. (2017) presented a case for the presence of He in the ejecta. Based upon analytical analysis of the observational data they proposed a new classification of SN 2016coi as a broad-lined Ib. There have been previous discussions of He in SNe Ic (See, for example, Filippenko et al. 1995; Taubenberger et al. 2006; Modjaz et al. 2014 ) and some claimed detections (e.g. SN 2012ap (Milisavljevic et al. 2015) , SN 2009bb (Pignata et al. 2011) ). However, none of these claims have provided conclusive proof, indeed, it is possible to infer a detection of He in some SNe Ic from the coincidental alignment of Doppler shifted He lines and absorption features but these do not behave as He-lines do in He-rich SNe. Additionally, there are many more examples where similar features in other SNe Ic are not compatible with He lines. Recent analysis has suggested that SNe Ic with highly blended lines are He-free .
The classification of SE-SNe was revisited in in order to link the taxonomic scheme with physical parameters. For the SN sample used in that work, it was found that when He was obviously present in the ejecta of a SN it formed strong lines (e.g., there were no examples of weak He lines). This allowed a natural division between He-rich and He-poor SNe. For the He-rich SNe, classification was based upon characterising the presence and strength of H and led to the sub division of type Ib and IIb into Ib, Ib(II), IIb(I), and IIb for weakest to strongest H lines in the spectra. For He-poor SNe, classification was based upon line blending and lead to subdivision of the SN Ic category into Ic-N where N is the mean number of absorption features in the pre-peak spectra from a set list of line transitions and takes an integer value between 3 and 7. The lower the value of N the more severe the line blending and a higher specific kinetic energy. Such SNe show high kinetic energies, broad lines, and significant line blending, e.g., SN 1998bw (Iwamoto et al. 1998) , SN 1997ef , SN 2002ap (Mazzali et al. 2002 ), SN 2003dh (Mazzali et al. 2003 , SN 2010ah (Corsi et al. 2011; Mazzali et al. 2013) , SN 2016jca (Ashall et al. 2017) . The most energetic of these SNe are also associated with gamma-ray bursts (GRB) (e.g., SN 1998bw/GRB 980425, SN 2003dh/GRB 030329, SN2016jca/GRB 161219B). An injection of ∼ 10 52 erg of energy into the ejecta likely requires some contribution from a rapidly rotating compact object, either a magnetar or a black hole (Woosley et al. 1994) . The maximum rotational energy of these compact objects is a few 10 53 erg (Metzger et al. 2015) , and would have to be injected on a short time-scale in order to influence the SN dynamically but not to influence the light curve.
Some SE-SNe are classified as Ib/c owing to the ambiguity of the presence of He in the spectra (For example, SN 2013ge Drout et al. 2016) , or lack of spectral coverage. However, a supernova that is genuinely a transitional event between SNe Ic and SNe Ib would be an important discovery and may help to explain why SNe Ic should show no clear indication of He in their spectra and why there is such a sharp distinction between SNe with He and SNe without He. In this work, we use analytical methods and spectral modelling to investigate the physical properties and elemental structure of the ejecta of SN 2016coi.
In Section 2 we detail the observations and data reduction. In Section 3 the host-galaxy of the SN, UGC 11868, is analysed. Sections 4 and 5 present the light curves and associated properties for the multi-band photometry and the pseudo-bolometric light curve respectively. We examine the spectra analytically in Section 6 and model the early spectra and nebular spectra in Section 7. We briefly discuss the SN in Section 8 before presenting our conclusions in Section 9.
OBSERVATIONS AND DATA REDUCTION
SN 2016coi/ASASSN-16fp was discovered on 2016-05-27.55 UT by the All Sky Automated Survey for Supernovae (ASAS-SN) (See Shappee et al. 2014) and was located in the galaxy UGC 11868, z = 0.0036, at α = 21 h 59 m 04.14 s δ = +18 • 11 10.46 (J2000), the last non-detection had been 6 days prior (Holoien et al. 2016) . It was subsequently classified as a pre-maximum "broad lined" Type Ic SN on 2016-05-28.52 UT.
Our first observations were taken prior to this on 2016-05-28.20 UT using the Spectrograph for the Rapid Acquisition of Transients (SPRAT) (Piascik et al. 2014 ) on the 2.0 m Liverpool Telescope (LT) (Steele et al. 2004 ), based at the Roque de los Muchachos Observatory. Subsequent photometric and spectroscopic follow up observations were conducted with by several different facilities around the world:
• Photometry and spectroscopy using the optical widefield camera IO:O and SPRAT on the LT.
• Photometry and spectroscopy via the Spectral cameras and Floyds spectrograph on the Las Cumbres Observatory (LCO) network 2.0 m telescopes at the Haleakala Observatory and the Siding Spring Observatory (SSO), the Sinistro cameras on the LCO 1 m telescopes at the South African Astronomical Observatory (SAAO), the McDonald Observatory, and the Cerro Tololo Inter-American Observatory (CTIO) (Brown et al. 2013 ).
• Photometric and spectroscopic observations from the Li-Jiang 2.4 m telescope (LJT, Fan et al. 2015) at Li-Jiang Observatory of Yunnan Observatories (YNAO) using the Yunnan Faint Object Spectrograph and Camera (YFOSC; Zhang et al. 2014) , the Xing-Long 2.16 m telescope (XLT) at Xing-Long Observation of National Astronomical Observatories (NAOC) with Bei-Jing Faint Object Spectrograph and Camera (BFOSC). The spectra of LJT and XLT were reduced using standard IRAF long-slit spectra routines. The flux calibration was done with the standard spectrophotometric flux stars observed at a similar airmass on the same night. Optical photometry were obtained in the Johnson UBV and Kron-Cousins RI bands by Tsinghua-NAOC 0.8 m telescope (TNT; Wang et al. 2008; Huang et al. 2012) ; Johnson BV, Kron-Cousins R and SDSS ugriz bands by LJT with YFOSC.
• Photometry from the 0.6/0.9m Schmidt telescope, equipped with a liquid-cooled Apogee Alta U16 4096 × 4096 CCD camera (field-of-view 70 × 70 arcmin 2 ) and Bessell BV RI filters, at Piszkéstető Station of Konkoly Observatory, Hungary. The CCD frames were bias-, dark-and flatfieldcorrected by applying standard IRAF routines.
• Photometric data from the 0.4 m PROMPT 5 telescope that monitors luminous, nearby (D < 40 Mpc) galaxies (DLT40, Tartaglia et al in prep) . These data were reduced using aperture photometry on difference images (with HOT-PANTS; Becker 2015).
• Two spectra using the Kast Double Spectrograph on the Shane 3 m telescope at the Lick Observatory. These were reduced through standard iraf routines.
• A single spectrum was obtained using the Intermediate Dispersion Spectrograph (IDS), on the 2.5 m Issac Newton Telescope (INT), at the Roque de los Muchachos Observatory in La Palma. The EEV10 detector was used, along with the R400V grating. Data reduction was performed using standard routines within the Starlink software packages Figaro and Kappa, and flux calibrated using custom software.
• A single spectrum from the Deep Imaging Multi-Object Spectrograph (DEIMOS) spectrograph (Faber et al. 2003) on the W. M. Keck Observatory, Haleakala.
Much of the LCO data, in addition to the Lick spectra, were obtained as part of the LCO Key Supernova Project. For the photometry obtained at Konkoly Observatory, the magnitudes for the SN and some local comparison stars were obtained via PSF-photometry using iraf/daophot. The instrumental magnitudes were transformed to the standard system using linear colour terms and zero-points. The zero-points were tied to the PS1-photometry 1 of the local comparison stars after converting their g p , r p , i p magnitudes to BVRI (Tonry et al. 2012) . Aperture photometry was performed on the remaining photometric data using a custom script utilising pyraf as part of the ureka 2 package. The instrumental magnitudes were calibrated relative to Sloan Digital Sky Survey (SDSS) stars in the field for the ugriz bands. The equations of Jordi et al. (2006) were used to convert American Association of Variable Star Observers Photometric All-Sky Survey (APASS) standard star BVgri photometry into BV RI and SDSS ugriz photometry into U. A series of apertures were used to derive the instrumental magnitudes and the median value taken as the calibrated magnitude. The uncertainty was taken to be either the standard deviation of the photometric equation fit or the standard deviation of the calibrated magnitudes, whichever was larger. SPRAT spectra were reduced and flux calibrated using the LT pipeline (Barnsley et al. 2012 ) and a custom python script. LCO/Floyds spectra were reduced using the publicly available LCO pipeline 3 .
HOST-GALAXY -UGC 11868

Line-of-sight attenuation
The Galactic extinction in the direction of the SN is E (B − V) MW = 0.08 mag (Schlafly & Finkbeiner 2011) . E (B − V) host can be calculated through a number of methods including measurement of the equivalent width of the rest-frame Na i D lines (Poznanski et al. 2012) , and by assessing the colour curve of the SN relative to the bulk of the population where an offset from the mean implies some amount of extinction (e.g., Drout et al. 2011; Stritzinger et al. 2018) . Throughout the following methods it is assumed that R V = 3.1.
We find no indication of strong host Na i D lines in Table 1 . Properties of the environment towards the SN
2016coi 21:59:04.14 +18:11:10.46 UGC 11868 0.0036 31.00 0.08 0.125 ± 0.025 our low-resolution spectra, the Galactic Na i D lines are the dominant component in this regard. The upper limit set by measuring the equivalent width of this weak feature is approximately E (B − V) host = 0.03 mag using the method of Poznanski et al. (2012) . It is acknowledged that the low resolution of the spectra may affect the measurement here (Poznanski et al. 2011) and that E (B − V) host may be greater than this, although it could not be significantly larger as experience shows that the host Na i D lines would become prominent in the spectra. In Section 4.1.1 the g − r colour curve of SN 2016coi is examined in relation to other SE-SNe. We find that some small to moderate extinction ∼ 0.1 − 0.2 mag in E(B − V) is required to move the colour curve of SN 2016coi into the host-corrected distribution. A correction for E (B − V) host ∼ 0.4 mag is required to place the colour curve at the bottom of the distribution. Given the potential for uncertainty we apply a third test. In Section 7 we use spectral models to examine a range of values for E (B − V) host , and determine that it could be anywhere from E (B − V) host =0.1-0.15 mag. Considering the results from the different methods here, we adopt a E (B − V) host of 0.125 ± 0.025 mag, and an E (B − V) tot = 0.205 ± 0.025 mag. The upper limit is constrained by the weakness of the host Na i D absorption lines in the spectra.
The properties of UGC 11868
The host galaxy of SN 2016coi is UGC 11868, also known as II Zw 158 and MCG +03-56-001. The distance to UGC 11868 is somewhat uncertain (see NASA/IPAC Extragalactic Database 4 for more details) and in this work we adopt a distance modulus of 31.00 mag. This value is taken as absolute with no uncertainty included in order to enable easy conversion of the intrinsic light curve properties, including uncertainties derived from the photometry and reddening, for different distances. UGC 11868 is a low-surface-brightness, low-luminosity galaxy of quite irregular morphology, classified as SBm in the RC3 (de Vaucouleurs et al. 1991) . UGC 11868 was included in the Hα Galaxy Survey (James et al. 2004 ) which included R-band and narrow-band Hα imaging. Correcting the data from that study to an adopted distance of 15.8 Mpc, distance modulus 31.00, UGC 11868 has an apparent Rband magnitude of 13.10, an absolute R-band magnitude of -17.90, and a star formation rate of 0.078 M yr −1 . The latter value has been corrected for internal extinction using the absolute-magnitude dependent extinction formula of Helmboldt et al. 2004 , since the global correction of 1.1 mag applied by James et al. 2004 is almost certainly an overestimate for such a low-luminosity system. The Magellanic Clouds provide useful reference points for UGC 11868, with 4 http://ned.ipac.caltech.edu/ star formation rates of 0.054 and 0.23 M yr −1 , and absolute R-band magnitudes of -17.10 and -18.50 for the SMC and LMC respectively. The µ B = 25 isophotal diameter from RC3 corresponds to 9.0 kpc for our adopted distance, similar to the 9.5 kpc value for the LMC, which also shares its SBm classification with UGC 11868. Thus, host of SN2016coi is very similar to the LMC overall, but slightly more diffuse and lower in surface brightness. The somewhat higher star formation rate for the LMC can be entirely attributed to the unusually powerful 30 Doradus complex; the star formation properties of UGC 11868 appear entirely normal for its type.
SN 2016coi lies well away from the centre of UGC 11868. There is no well-defined nucleus, just a somewhat elongated general region of higher surface brightness that gives rise to the barred classification. Defining the highest surface brightness region from the R-band image as the galaxy centre, we determine that SN 2016coi occurred 34 or 2.6 kpc from this location. There is no detectable Hα emission at the location of the SN; a moderately bright region is located 5 or 375 pc away.
There are no direct metallicity measurements for UGC 11868, but again the comparison with the Magellanic Clouds and other dwarf galaxies can be used to give some indications of likely values. Berg et al. (2012) calibrate a correlation between absolute magnitude and oxygen abundance for star forming dwarf galaxies, from which we derive a value of 12+log(O/H) = 8.21, very close to the measured value of 8.26 for the LMC from the same study. In terms of To conclude, SN 2016coi occurred in the outer regions of a low-luminosity, LMC-like host galaxy, in a location with almost certainly low metallicity and nearby but not coincident ongoing star formation. The sub-solar metallicity is consistent with studies of the local environments of non-GRB "broad-lined" SNe Ic (See Modjaz et al. 2008 Modjaz et al. , 2011 Sanders et al. 2012) 4 LIGHT CURVES Figure 3 shows the ugriz (Table D2) , UBV RI (Table D3) , and DLT40 Openr (Table D4 ) light curves of SN 2016coi, these are not corrected for extinction but are presented in rest-frame time.
We fit the extinction corrected light curves to find the peak magnitude M peak , and three characteristic time-scales. These are t −1/2 , t +1/2 , and the late linear decay rate ∆m late . t −1/2 and t +1/2 measure the time taken for the light curve to evolve between the maximum luminosity L p and L p /2 on the rise and decline respectively.
Light curve parameters were measured by fitting a low order spline from UnivariateSpline as part of the scipy package. Errors were estimated to be within the confines of the uncertainty in the photometry and the order of the spline was allowed to vary to estimate the effect on the fit. We find that variations in the spline fit produced either a negligible effect or were clearly wrong. For M the errors are small and dominated by the uncertainty in E (B − V) tot .
The time for the light curve to rise from explosion to peak t p is, with the exception of GRB-SNe where the de- Arnett 1982) . Mass increases the photon diffusion time while the ejecta velocity decreases it. Placing small amounts of 56 Ni in the outer ejecta causes the light curve to rise quicker as the photons are able to diffuse through the low density, high velocity, outer ejecta more rapidly. The post peak decay time is more affected by the core mass as the outer layers are now optically thin. The late decay follows a linear decline which is the result of energy injection from the decay of 56 Co to 56 Fe and is affected by the efficiency of the ejecta to trap γ-rays and positrons. In the vast majority of SE-SNe the late decay rate exceeds that of 56 Co, implying that the ejecta are not 100% efficient at trapping gamma rays. Table 2 gives the properties of the multi-band light curves, corrected for E (B − V) tot using the reddening law of Cardelli et al. (1989) . As is typical of SE-SNe the redder bands evolve more slowly (see Drout et al. 2011; Bianco et al. 2014; Taddia et al. 2015 Taddia et al. , 2018 ) with values ranging between ∼ 8 and 14 d. It is noticeable that the light curves are more asymmetric for the redder bands. The late-time decay rates are in the range 0.015 to 0.023 mag d −1 .
Colours
In Figure 4 we present the colour curves of g − r, g − i, r − i, B − V, V − R, and R − I. The behaviour of the curves shows many features that are typical to SE-SNe. In all colours there is an initial blue-ward evolution as the energy deposited from the decay of 56 Ni into the ejecta exceeds radiative losses and the photosphere recedes towards the heat source, so the SN gets bluer and more luminous (Hoeflich et al. 2017) . Around the time when E out > E in the SN ejecta expands adiabatically, cooling the photosphere, which leads to a decrease in luminosity. The cooling photosphere results in a red-ward turn in the colour curves. After ∼ +20 days g − r and g − i turn blue again as the flux in the red decreases due to the loss of the photosphere. At ∼ +100 d the SN is in the early nebular phase and in g − r and g − i there is then a turn back towards the red. This is driven by the appearance of the [O i] 
BOLOMETRIC LIGHT CURVE
The pseudo-bolometric light curve (henceforth "bolometric") was constructed using the de-reddened griz photometry converted to monochromatic flux (Fukugita et al. 1996) . The resulting spectral energy distribution (SED) was integrated over the range 4000 to 10000Å and then converted to luminosity using µ = 31.00 mag. The bolometric light curve is presented in comparison with He-poor SE-SNe in Figure 6 . The u-band data were not included at this point as the 4000 -10000Å range allows direct comparison of the pseudo-bolometric light curve properties of a large number of SE-SNe. However, in Table 3 we present the statistics obtained from the pseudo-bolometric light curve using the u-band data (integrating over 3000 − 10000Å), and estimating the fully bolometric L p as per the method given Prentice et al. (2016) . This latter method utilises a relation between the ugriz integrated light curves of various SE-SNe and their ugriz plus near-infrared (NIR) 10000 − 24000Å light curves in order to estimate the missing NIR flux. This value is then increased by 10 percent to account for flux outside the wavelength regime to give an estimate of the UVOIR L p . SN 2016coi reached a peak luminosity (griz) of log 10 L p /erg s −1 = 42.29 ± 0.02 or, alternatively, L p = (1.9 ± 0.1) × 10 42 erg s −1 . The temporal values, calculated by fitting a low order spline to the light curve, were found to be t −1/2 = 12.4 ± 0.5 d and t +1/2 = 23 ± 1 d, which equates to a width of 35 ± 1 d. Extrapolation from a simple quadratic fit to the pre-peak light curve reveals that the progenitor exploded approximately 2±1 days before discovery of the SN, which is consistent with the explosion date found from spectral modelling (see Section 7). For this light curve, the time from rise to peak t p = 17 ± 1 days. The late time decay rate is calculated by fitting a linear function to the decline; this returns a decay rate of ∼ 0.015 mag d −1 . When including the u-band, the peak luminosity increases by 23 percent to L p = (2.4 ± 0.1) × 10 42 erg s −1 . Inclusion of the u-band makes the light curve rise and decay Figure 5. The g − r colour evolution of SN 2016coi in relation to other SNe Ic from the sample of Prentice et al. (2016) . The photometry has been corrected for E (B − V ) tot and our errors have been included on the plot so as to show the possible movement of the colour curve in relation to the distribution. In the absence of E (B − V ) host (yellow) the colour curve sits on the very top of the distribution. Our analysis suggests that 2016coi is intrinsically red.
slightly quicker (t −1/2 = 11 ± 1 d, t +1/2 = 19 ± 2 d), as would be expected from the increased energy at early times. It is calculated that the time from explosion to L p , t p = 16± 1.3 0.7 d, which includes an estimated ∼ 1 day of "dark time" (Corsi et al. 2012) .
Finally, the estimated UVOIR bolometric luminosity is ∼ 3 × 10 42 erg s −1 . This is commensurate with that found through spectral modelling, see Section 7.
Estimating M Ni
To estimate the amount of 56 Ni synthesised during explosive silicon burning in the first few seconds following core collapse we utilise the following equation from Stritzinger & Leibundgut (2005) 
( 1) which is based upon the formulation for M Ni given in Arnett (1982) and assumes that the luminosity of the SN at peak is approximately equal to the energy emitted by M . The nickel mass derived from the estimated fully bolomteric luminosity corresponds to M Ni,UVOIR ∼ 0.14 M . These values are based on the assumption that all the 56 Ni is located centrally. In reality there will be some distribution of 56 Ni throughout the ejecta, which causes the light curve to rise faster than in the centrally located case, and some degree of asphericity (Maeda et al. 2008; Stevance et al. 2017 ). The result is that a lower M Ni can achieve the same results.
Comparison of bolometric properties with
SNe Ic Table 3 gives the properties of SN 2016coi derived from the griz and ugriz light curves. SN 2016coi is quite typical in luminosity (4000−10000Å) compared to He-poor SNe where the mean for non GRB-SNe is log 10 L p /erg s −1 = 42.4 ± 0.2. Figure 6 plots the griz light curves of SN 2016coi and SNe Ic. The mean t −1/2 and t +1/2 of SNe Ic are 10 ± 3 d and 20 ± 9 d respectively, while the mean width for those SNe where it can be calculated is 30 ± 11 d. The values derived for SN 2016coi suggest it to be above average but within one sigma of the mean. Figure 7 plots t −1/2 against t +1/2 and demonstrates that SN 2016coi is on the upper end of the t −1/2 and t +1/2 distribution. It is not, however, akin to SNe Ic with very broad light curves (e.g., SN 1997ef Mazzali et al. 2000) . SN 2016coi is long in both rise and decay compared to the mean and median values of both parameters for the population, however the mean values are skewed to longer durations by the slowly evolving SNe. M ej is considered in Section 7 but the results here suggest that M ej of SN 2016coi is larger than average for He-poor SNe. M . The distribution is clearly skewed, driven by a few luminous and long-rising SNe. Both measures suggest that M Ni for SN 2016coi is consistent with the bulk of the population.
SPECTROSCOPY
Our spectroscopic coverage of SN 2016coi is dense, with 55 spectra in total. These are presented as a select time series in Figure 9 and fully in Figures C1, C2 , C3, and C4 in Appendix C. Our spectral observations average one spectrum every two days until two months after the date of classification. The spectral sequence here is sufficiently dense to follow the evolution of features between 4000Å and 8000 A during the photospheric phase in detail, when the SN is defined by absorption features rather than emission lines. Late time spectroscopy follows the SN from the photospheric phase and extends into the early nebular phase. The first indication of transition into the nebular phase is seen at around ∼ +63 d, shown in Figure 9 , as the [O i]λλ 6300, 6363 emission line is clear to see around 6300Å. It is absent in the spectrum ten days previous. This line continues to become more prominent against the fading continuum flux for the next month. Comparison with the colour evolution of g − r in Figure 4 shows that as this feature gets stronger the colour curve turns from blue to red, the reversal of the blue-ward evolution occurs on day +110 and it is around this time that the SN can be considered to be in the nebular phase as emission lines dominate the flux. . The nickel mass distribution as derived from the 4000 − 10000Å pseudo-bolometric light curves for He-poor SNe (Prentice et al. 2016) . To maximise the sample we have included SNe that have not been reclassified under the scheme given in and assigned "Ic-BL" SNe to the Ic-3/4 distribution and all other SNe Ic to the Ic-5/6/7 group. SN 2016coi is at the median M Ni for all the SNe and is below, but within one sigma, of the median for Ic-3/4 SNe.
The journal of spectroscopic observations is presented in Table D1 . We also discuss the presence of some static features in the pre-peak spectra in Appendix A.
Preliminary classification
SN 2016coi was originally classified as a broad line SN Ic. Indeed, it has many spectroscopic similarities to Ic-3/4 SNe. In Figure 10 we show SN 2016coi in conjunction with Ic-4 SN 2002ap (Mazzali et al. 2002) and SN Ib(II) 2008D (Mazzali et al. 2008; Modjaz et al. 2009 ), the spectral epochs are scaled as close to SN 2016coi according to relative light curve width wherever possible. SN 2002ap is a typical He-poor SN with broad spectral features. SN 2008D, associated with X-ray flash 080109, showed broad lines in its early spectra and was originally classified as a SN Ic. However, He lines gradually appeared confirming its classification as a He-rich SN.
The supernovae are similar in the early spectra, all showing broad absorption features. However, there are differences in velocity and strength of these features. In the case of SN 2008D (∼ 12 days before t max ) the first signs of broad He can be seen around ∼ 5600Å and ∼ 6400Å. SN 2016coi (∼ 13 days before t max ) shows more features than the SN 2002ap (∼ 3 9 days before t max ) but fewer than SN 2008D. In each case the O i λλ 7771,7774,7775 and Ca ii NIR triplet remain blended. As the SNe move towards peak SN 2016coi retains a similar spectral shape to SN 2002ap, but with stronger features and a prominent ∼ 5500Å absorption. In SN 2008D the lines become narrower and more prominent. Shortly after peak SN 2002ap and SN 2016coi show many of the same features with the key difference being the strength and velocity of these features. SN 2008D has progressed to look more like a standard He-rich SN.
The later spectra demonstrate that there is a tendency to spectral similarity for He-rich and He-poor SNe.
If we consider the similarity of SN 2016coi and SN 2002ap at peak then, from the classification scheme in Prentice & , typical Ic-4 SNe show three blended lines at t −1/2 and 5 at t max . SN 2016coi is a little different in this regard in that it fulfils the criteria for 4 lines at t −1/2 and 4 lines at t +1/2 , as shown in Figure 11 . Clearly the earliest spectra are different as SN 2016coi shows more structure in its spectra that SN 2002ap, the most obvious difference is the appearance and strength of the absorption features around 5500Å and 6000Å. In SNe Ic, the features are normally attributed to Na i D and Si ii λ 6355 respectively but in light of the comparison here, and the findings of Yamanaka et al. (2017) , could it be that Helium contributes to, or is entirely responsible for, the former? In Section 7 this possibility is investigated using a spectrum synthesis code, here were consider more analytical methods. Figure 12 demonstrates a test for common line forming regions using spectra in velocity-space. Three prominent helium lines are plotted on top of each other at four separate epochs. If the shape of the absorption profiles and the absorption minima (i.e. the velocities) are the same then the lines are formed in the same region, which is evidence for line transitions from the same element.
Testing for He via line profile
In the case of He-rich SN 2016jdw, the line profiles are very similar (see top panel of Figure 12 ), indicating that the line forming regions are the same and a result of absorption by He. However, with SN 2016coi the absorption profiles are dissimilar in both shape and absorption minima, The closest similarity is at −9.2 d. The presence of broad lines complicates matters here as, aside from the width of the lines, multiple species occupy the same line forming region making it difficult to attribute the feature to one dominant transition. Thus, the identification of He cannot be confirmed as for the most part the absorption profiles are not similar at these epochs.
Photospheric phase
The first spectrum is taken at −13.1 d (Figure 9 ), approximately 2 days after explosion. It is defined by several prominent absorption features. In Section 7 we apply spectroscopic modelling to investigate these features further. In SN 2016coi, these lines, while broad, also appear well defined. This is unusual, as "broad-lined" SNe typically have fewer than 4 lines visible at this epoch (See Figure 10) . The blue-most absorption features at ∼ 5000Å are normally attributed to blends of Fe ii lines, while in the middle of the spectrum the two features at ∼ 5500Å and ∼ 6000Å are usually attributed to blends of Na i D and He i λ 5876, and Si ii λ 6355 and Hα respectively in He-rich SNe and just Na i D and Si ii λ 6355 in He-poor SNe. 7000 -8000Å is dominated by a blend of O i λλ 7771, 7774, 7775 and the Ca ii NIR triplet. In the blue, the Fe ii group around 5000Å appears to remain blended until a week after maximum, when there are weak indications of the three prominent Fe ii lines (λλ 4924, 5018, 5169). This behaviour is common in broad lined 3000 4000 5000 6000 7000 8000 9000 10000 11000
Rest-frame Wavelength [ ] Scaled flux + offset Figure 9 . A select time series of spectra of SN 2016coi showing progression from ∼ 2 d after explosion until the nebular phase. Labelled versions of the spectra can be found in Section 7. The light grey regions identify strong telluric features, the black dashed lines the rest wavelengths of He i λλ4472, 5876, 6678, 7065, and magenta the Doppler shifted position of these lines as given by the velocity from He i λ5876 and the minimum of the blue-ward absorption profile.
SNe. Evolution of the 5500 and 6000Å features (Figure 9 ) indicate that both are constructed of several components. The 5500Å feature appears to be formed from at least two components of similar strength. At around 0 to +7 d (Figure 9 ) the red component briefly becomes the stronger of the two after which the blue component dominates. At no point do these lines fully de-blend. The ∼ 6000Å line de-blends into what is normally considered to be Si ii λ6355 and C ii λ 6580Å, the latter of which could be He i λ6678. The 6000Å feature remains very strong and well defined until ∼ 3 weeks after maximum. The emission peak immediately blue-ward, associated with Na i D, becomes sharp from ∼ +7 d and can be traced all the way to the nebular phase. The O i and Ca ii NIR blend remains in place until ∼ +6 days, at which point the O i absorption becomes distinct. 4000 5000 6000 7000 8000 9000
Rest-frame Wavelength [ ] Scaled flux + offset 
Line velocities
We calculate the line velocities for various features, which we attribute to the lines given in Table 4 . It is important to note however that our labelling is not meant to be a conclusive line identification (see Section 7) and that some features are blends of several lines. This is especially important with the Fe ii region around 5000Å where the Fe ii λλ4924, 5018, 4000 5000 6000 7000 8000 9000
Rest-frame wavelength [ ] Scaled flux + offset
Fe II blend Na I/He I? Si II O I/Ca II blend Figure 11 . The classification spectra of SN 2016coi at t −1/2 (top) and t max (bottom). The light grey spectrum is at +2.6 d and is included to show the blending of the O i and Ca ii lines around 7500−8000Å. Highlighted are the line blends used to determine N , and consequently N . The SN has N = 4 at both epochs which leads to the classification of a Ic-4 SN but matters are complicated if He is present in the ejecta as it would no longer fit into this classification scheme.
5169 lines blend with each other and with other lines in the region. Measurements are taken from the minimum of the absorption feature. The uncertainty on this value is then the range of velocities in that region that returns a similar flux to that of the minimum. For example, a narrow line will result in a small range of velocities as the flux rises rapidly around the minimum. For broader lines the absorption is shallower, resulting in a larger range of possible velocities. Thus, the uncertainty is related to the degree of line blending. Also, in highly blended lines it is extremely unlikely that the measured minimum is caused by a single line (see Section B), hence velocity measurements are highly uncertain and this is reflected in the range of values. At later times, as lines de-blend, it becomes easier to associate a particular feature with a particular line. Figure 13 plots the line velocities derived the absorption minima of the features with their associated labels. It is clear that the Fe ii velocity is higher than any other measured line at the very earliest epoch (35, 000 ± 10000 km s −1 , modelling suggests 26000 km s −1 at −13.1 d) and, throughout the ∼ 55 d period over which we make measurements, remains the highest velocity line with the possible exception of Ca ii, where the earliest measurement of this feature indicates similar line velocities. The projection of Fe, a heavy ion, to high velocities seems counter-intuitive as the lighter elements could be expected to be in the outer layers of the ejecta. In the case of GRB-SNe iron-group elements can be ejected to high velocities as part of a jet (Ashall et al. 2017) . Alternatively, because a small abundance of Fe is required to provide opacity, it could be a consequence of dredge-up of primordial material. Past maximum it appears that Ca ii and Fe ii diverge but note that for the most part both features still show some significant broadening, as indicated by the error bars. As the Ca ii NIR triplet is a series of lines, and it is hard to attribute the minimum to exactly one line, then
Velocity from rest wavelength [1000 km s
He-rich SN 2016jdw at t max Figure 12 . In order to test line profiles for a common origin we plot the pre-peak spectra of SN 2016coi, in velocity space relative to the rest wavelength of the He λ 5876 (blue), λ 6678 (green), and λ 7065 (red) lines. The flux at a common velocity, as determined by the velocity measured from the 5876Å, relative to the rest wavelength is used to normalise each spectral region. For comparison the maximum light spectrum of the He-rich SN 2016jdw is included, which demonstrates how He forms within a common line-forming region. In SN 2016coi, the 5876Å line profile occasionally matches the shape of one of the other two in either the red or the blue, but at no point do the absorption features well match each other.
it is likely that Fe ii and Ca ii form lines at similar velocities. This was noticed in for other Hepoor SNe. The Fe ii line finds a plateau at ∼ 16, 000 km s −1 around t max while for Ca ii this value is ∼ 14, 000 km s −1 .
The velocity of He i λ 5876 is measured from the same absorption feature as Na i D. However, there is an additional constraint on the range of valid velocities for helium as the He i λλ 6678, 7065 lines must also match features in the spectra. This means that the position in the absorption feature used to measure velocity varies between He i λ5876 and Na i D, hence differing velocity evolutions, as can be seen in Figure 13 .
The Na i D/He i and Si ii lines follow a very similar evolution until near t max . If the ∼ 5500Å is assumed to be Na i then these remain similar until around a week after maximum at which point Si ii appears to level off at around 6, 000 km s −1 while Na i levels off at ∼ 12, 000 km s −1 . It appears that there is a shell of material that is mixed Na and Si. When the photosphere recedes far enough, the base of the Na layer is revealed and the two velocities decouple. Figure 13 . The line velocities of SN 2016coi as measured from absorption minima. Error bars represent the valid spread of velocities that the line could take and, as discussed in the text, we caution against taking line velocities from blended lines. Before peak it appears that the line forming region for Ca ii and Fe ii occurs at a similar velocity coordinate, and the same can be said for Si ii and Na i/He i. As the photosphere recedes the apparent ejecta stratification becomes clear with Fe ii and Ca ii retaining high velocities, Na i/He i and O i occupying the same shell, and Si ii splitting further. He i closely traces the photospheric velocity v ph , as derived in Section 7. In those models however, the ∼ 5400 A feature is dominated by Na i by maximum light. Thus, the detection of He, and subsequent velocities, are tenuous at this time.
If the feature is He i then the He i velocities remain around or just below Si ii and He i has a sharper velocity gradient than Si ii. He i then levels off at ∼ 9000 km s −1 around t max . In He-rich SNe He i, Ca ii, and Fe ii are typically found at similar velocities, above that of Si ii and O i. A week after t max is also the first opportunity to estimate O i as it has de-blended from the Ca ii NIR triplet, and it can be seen that the line velocity matches that of Na i. Given that the O i velocity is below that of the earlier Na i and Si ii velocities, we can suggest that there is a shell in the ejecta which contains all three elements, this may also include He. Figure 14 presents comparison of the line velocities with He-poor SNe, marked according to classification. The velocities of SN 2016coi are comparable to other Ic-3/4 SNe.
MODELLING
The photospheric phase
To determine the elements which make up the spectra, and to examine the range of possible values for E (B − V) host , we turn to spectral modelling. This technique utilizes the fact that SNe are in homologous expansion within a day of explosion, such that r = v ph ×t exp where r is the radial distance, v ph is the photospheric velocity, and t exp is the time of explosion. We use a 1D Monte Carlo spectra synthesis code (See Abbott & Lucy 1985; Mazzali & Lucy 1993; Lucy 1999; Mazzali 2000) , which follows the propagation of photon packets through a SN ejecta. The code makes used of the Schuster-Schwarzschild approximation, which assumes that the radiative energy is emitted from an inner boundary blackbody. This approximation is useful as it does not require in-depth knowledge of the radiation transport below the photosphere, while it still produces good results. The code works best at early times, when most of the 56 Ni is located below the photosphere. At late times significant gamma-ray trapping occurs above the photosphere, and the assumption of the model begins to break down. This code has been used to model SNe Ia Figure 15 . A set of models (blue) produced at t = 5.4 d after explosion compared with the −10.9 d spectrum (black). The observations have been corrected for different amounts of host galaxy extinction in addition to E (B − V ) MW = 0.08 mag, and a model produced for each spectrum. The best fits suggest E (B − V ) host is 0.1 − 0.15 mag, greater than this and the luminosity requires a higher temperature which changes the ionization regime of the spectra. The photon packets have two possible fates; they either re-enter the photosphere, through a process known as back scattering or escape the ejecta and are "observed". Packets can undergo Thomson scattering and line absorption. If a photon packet is absorbed it is re-emitted following a photon branching scheme which allows both fluorescence (blue to red) and reverse fluorescence (red to blue) to take place. A modified nebular approximation is used to treat the ionization/excitation state of the gas, to account for non-local thermodynamic equilibrium (NLTE) effects. The radiation field and state of the gas are iterated until convergence is reached. The final spectrum is obtained by computing the formal integral. Non-thermal effects can be simulated in the code in a parametrised way through the use of departure coefficients, which modify the populations of the excited levels of the relevant ions (e.g., Mazzali et al. 2009 ). To treat He i we use departure coefficients of 10 4 (Lucy 1991; Mazzali & Lucy 1998; Hachinger et al. 2012) . The purpose of the code is to produce optimally fitting synthetic spectra, by varying the elemental abundance, photospheric velocity and bolometric luminosity. The code requires an input density profile, which can be scaled in time to the epoch of the spectrum, due to the homologous expansion of the ejecta.
As SN 2016coi shows spectroscopic similarity to Ic-4 SN 2002ap, but with a LC width which is ∼ 40% larger, we use the same density profile that was used to model SN 2002ap (Mazzali et al. 2002) , but scaled up in M ej by 40%. The calculated M ej is 2.5 − 4 M with a E k = (4.5 − 7) × 10 51 erg, with a specific kinetic energy E k /M ej of ∼ 1.6 [10 51 erg/M ] throughout (see Mazzali et al. (2017) for a discussion on uncertainties in spectral modelling).
Investigating E (B − V) host
As discussed in Section 3, E (B − V) host is very uncertain. Therefore, we produced a set of four models at −10.9 d relative to bolometric maximum, and 5.4 d from explosion, see Figure 15 . The models have varying E (B − V) host = 0.05, 0.10, 0.15 and 0.2 mag. It is apparent that most of the models produce reasonable fits, but the model with E (B − V) host = 0.2 mag is too hot and has a slightly worse fit (i.e., there is not enough absorption in the features at 4200 and 4700Å). Also the model with E (B − V) host = 0.05 mag, similar to that derived from the interstellar Na i D absorption, produces acceptable fits. However, other properties (i.e. g − r colour curve and Ni mass to ejecta mass ratio) of SN 2016coi are in tension with this value of the extinction. Therefore, we choose to take a value of E (B − V) host of 0.125 mag, which is in-between the two best fits (E (B − V) host = 0.1 & 0.15 mag). This value of E (B − V) host also provides good spectral fits, see the middle panel of Figure 15 .
Modelling results
With the distance, extinction and density profile determined, we produced spectral models at five different epochs (t exp = 5.4, 7.1, 12.1, 18.1 and 23.0 d) to determine which ions contribute to the formation of the spectra, and abundances. We do this both with and without He, and discuss the faults and merits with both sets of models. The basic input parameters of the models are presented in Table 5 . When determining the properties of a SN spectrum it is important to have the correct flux level in the UV/blue, as there is reprocessing of flux from the blue to the red due to the Doppler overlapping of the spectral lines. This process is known as line blanketing, a process by which photon packets only escape the SN ejecta in a "line free" window, which is always red-ward from where they are emitted.
Models without He
The right-hand panel in Figure 16 presents the spectral models of SN 2016coi without He. The main ions are labelled at the top of the panel, and the same lines tend to form the spectra at all epochs. The photospheric velocity covers a range of 9400 to 16300 km s −1 , and the bolometric luminosities are roughly consistent with those derived in Section 5. The blue part of the spectrum consists of Mg ii resonance lines (λλ 2803,2796), the Ca ii ground state lines (λλ 3968, 3934), as well as blends of metals including Co ii lines, the strongest of which are λλ 3502, 3446, 3387. The feature at ∼4200Å, is dominated by Mg ii (λλ 4481.13 4481.32), Co ii (λλ 4569, 4497, 4517) and Fe ii (λ 4549). The feature at ∼4700Å consists of a blend of Fe ii (λλ 5169 5198), Si ii (λλ 5056 5041) and Co ii (λλ 5017, 5126, 5121, 4980). At ∼5600Å absorption is caused by Na i (λλ 5896 5890), and the small absorption on the red-ward side of the feature is produced by Si ii (λλ 5958,5979). Si ii (λλ 6347, 6371) forms the spectra at, ∼6000Å, and the smaller feature at ∼6300 A is produced by C ii (λλ 6578, 6583). The notch at ∼6700 A is produced by Al ii (λλ 7042, 7056.7, 7063.7), there is also C ii (λ 7236, 7231) absorption in the same wavelength range as the telluric feature at ∼6900Å. The broad feature at ∼7500Å is a blend of Ca ii (λλ 8498, 8542, 8662) and O i (λλ 7771, 7774, 7775). Finally, the feature at ∼8700Å is dominated by Mg ii (λλ 9218, 9244). Although these models produce a good fits, arguably better than those with He, the abundances we require for Al and Na are unusual (see Section 7.4) and are an argument against these line identification.
Models with He
The left panel in Figure 16 contains the spectral models of SN 2016coi with He. The main ions which contribute to each feature are labelled at the top of the plot, and the basic input parameters can be found in Table 5 .
The models are similar to those without helium except now the feature at ∼4200Å, contains He i (λλ 4471. 47, 4471.68, 4471.48, 4388) , the one at ∼4700Å has He i (λλ 4923 5016), and the feature at ∼5600Å consist of only He i (λλ 5875. 61, 5875.64, 5875.96, 5875 .63) at t exp =5.4 d, although the small absorption on the red-ward side of the feature is Si ii (λλ 5958,5979).
The notch at ∼6700Å is produced by He i (λλ 7065.17, 7065.21 7065.70) absorption, and there is He i (λ 7281) and C ii (λλ 7236, 7231) absorption in the same wavelength range as the telluric feature at ∼ 6900Å.
For these models the line identification was made at t exp = 5.4 d. However, it should be noted that by t exp = 18.1 d (∼ 2 d after maximum light) the dominant ion in the ∼ 5600Å feature is Na i, and the dominant ion in the ∼ 6300 A feature is C ii. This could however change if the departure coefficients were different. For example Hachinger et al. (2012) determined that at 22.1 d past maximum light, the departure coefficients in the deep atmosphere layers were ∼ 10 3 , but in the outer atmosphere layers they were ∼ 10 7 . So it could be the case that He absorption could produce these features at later times if the departure coefficients are increased. However, in the observations these 'He' features do disappear over time, unlike in SNe Ib, and in other SNe Ic (such as 2002ap) Na i appears ∼ 3 days before peak, some 7 − 10 days after explosion.
He excitation usually increases with time as more nonthermal particles penetrate through the SN ejecta. In this case, He lines are possibly present early on but do not grow in strength over time, rather the opposite. This suggest that there is only a very small amount of He in the outer layers of the exploding star, and that there may be some 56 Ni mixed out to high velocities to non-thermally excite the lines at early times. At later times, as density decreases, the opacity in the outer layers is too small for the deposition of fast particles, even when locally produced.
Abundances
The He free models
The bottom panel of Figure 17 shows the abundances as a function of velocity for the models that do not include He. The abundances here are generally consistent with the explosion of a C/O core of a massive star, with a few exceptions. The Na abundance is ∼ 6 percent, given that Na is not produced in a SE-SN explosion, this Na must come from the progenitor system. However, the metallicity of UGC 11868 is approximately one third solar, and the solar abundance of Na is ∼ 1 × 10 −6 (Asplund et al. 2009 ). Therefore, it seems physically unlikely that there could be this much Na in this object. Furthermore, the average Al abundance is ∼ 0.6 percent, This is much larger than the solar value of ∼ 2 × 10 −6 , demonstrating that these line identifications are unlikely.
The models with He
The top panel in Figure 17 shows the abundances in velocity space for the models that include He. These abundances are consistent with what could be expected from a core of a massive C/O star. Carbon dominates at the highest velocity, and oxygen at lower velocities. The Na abundance in this model is about ∼ 3×10 −5 , which is more consistent with solar values, and no Al is required for this model. The abundance of He decreases as a function of velocity, this coincides with the decreasing strength of the He features in the models. The outer layers (at v ph = 17500 km s −1 ) have a He abundance of 3 percent, whereas when the photosphere has receded to 9400 km s −1 the He abundance is 0.1 percent. As time passes it should become easier for non-thermal electrons, energised by gamma-rays from 56 Ni decay, to reach the He layer and excite He into the states required to produce lines in the optical. However, the small abundance of He in the outer layers, which gets more diffuse as time increases, means that at later times there would be no indication of He in the spectra because the He opacity is insignificant.
In conclusion, the models indicate that the debated lines could be produced by Na and Al or from He, but the abundances from our models suggests that the He identification is more likely.
Models of the nebular phase
We modelled the nebular-epoch spectrum of SN 2016coi using our non-local thermodynamic equilibrium (NLTE) code. This code has been described extensively in Mazzali et al. (2007) and used for both SNe Ia and Ib/c (e.g. Mazzali et al. 2017) . It computes the energy produces in gamma-rays and positrons by radioactive decay of 56 Ni into 56 Co and then 56 Fe, it then follows the propagation of the gamma-rays and positrons in the SN ejecta, computes the heating caused by the collisions that characterise the thermalization of these particles, and balances it with cooling via line emission. Both permitted and forbidden transitions can be sources of cooling. An emerging spectrum is computed based on line emissivity and a geometry which can either be stratified in abundance and density or a single zone, which is then bounded by an outer velocity.
In the case of SN 2016coi we simply use the one-zone model, as we aim at getting an approximate value of the 56 Ni mass and the emitting gas. In SNe Ic the emitting mass is mostly oxygen, and the range can be from less than 1 M (SN 1993J Sauer et al. 2006 ) to about 10 M in GRB-SNe like 1998bw (Mazzali et al. 2001 ) to several dozen M in PISN candidates like SN 2007bi (Gal-Yam et al. 2009 ).
The optical spectrum of SN 2016coi can be reproduced by an emitting nebula with outer boundary velocity 5000 km s −1 and mass ∼ 1.50 M within that velocity, Figure 18 . The 56 Ni mass required to heat the gas is 0.14 M , which makes SN 2016coi as luminous as most SNe Ic, but significantly less luminous than GRB/SNe. The 56 Ni mass is verified also by the flux in the forbidden [Fe ii] lines near 5200Å. The oxygen mass, as determined by the emission at λλ 6300, 6363Å, is 0.75 M . Some unburned carbon is also present. C i λ 8727 contributes to the red wing of the Ca-dominated emission near 8600Å, and the mass required is 0.12 M . Calcium produces strong emission lines, esp. the semiforbidden Ca ii] λλ 7290, 7324, but also H&K λλ 3933, 3968 and the IR triplet near 8500Å. These are intrinsically strong lines, so that a small mass of Ca, ∼ 0.005 M , is sufficient. Other strong lines are due to magnesium ([Mg i λ 4570) and sodium (Na i D λ 5890), but the masses of these elements are quite small (∼ 2 × 10 −3 and 2 × 10 −4 M , respectively) Finally, the mass of the most abundant intermediate-mass elements, silicon and sulphur, can be determined indirectly.
For Si, the model should not exceed the observed emission near 6500Å, which could be Si i] λ 6527, which sets a limit of ∼ 1.50 M and leads to a strong emission near 1.6 µm, while for sulphur the strongest optical line is S ii] λ 4069, which is well reproduced for a mass of 0.12 M , leading to strong NIR emission near 1.1 µm. It is unusual for the Si/S ratio to be as large as 10 or more, so if the upper limit for sulphur is established silicon should probably not exceed ∼ 0.5 M . The availability of NIR data would improve the constraints on these elements. The model does not use clumping. If clumping is used, a slightly worse ratio of the permitted and semi-forbidden Ca ii] lines is produced, suggesting that the density is too high in that case.
On the other hand, photospheric phase modelling indicates that the mass enclosed within 5000 km s −1 should be ∼ 1 M . As oxygen and 56 Ni alone already reach almost that value, this suggests that the mass of silicon and sulphur should be small. A reasonable match to the late-time spectrum can be found for a 56 Ni mass of 0.14 M , an oxygen mass of 0.75 M , carbon 0.11 M , calcium 0.005 M . This model has a very weak NIR flux. If the bluest part of the spectrum is not well calibrated the poor apparent fit to the Ca ii H&K and S i] emissions does not constitute a problem. The model does not use clumping.
DISCUSSION
Helium
Yamanaka et al. 2017 claimed detection of He in the early spectra of SN 2016coi initially. Here we consider the evidence based on our own analysis. In the first instance we consider the arguments for He:
• Several absorption features line up with prominent He lines in the early spectra
• Using a sensible departure coefficient, our spectral models can include realistic quantities of He
• Abundance estimates for other likely ions, in particular Na and Al, disfavour these elements having a strong contribution at early times
• The very early spectra show more absorption features than other "broad-lined" SNe, suggesting the nature of this object is a little different However, there are also reasons to doubt this identification.
• The He lines do not behave as they do in He-rich SNe as the lines decay in strength over time rather than increase in strength (e.g., Liu et al. 2016; ).
• The features attributed to He i do not share the same shape, suggesting that they are not tracing the same lineforming region. In He-rich SNe the shape of the He i λλ 6678, 7065 lines are extremely similar
• The velocity of He in relation to other elements is unlike that in He-rich SNe where He is found to have the highest ejecta velocity (or second highest if H is present). We instead find that the prominent ∼ 5400Å feature attributed to He i λ5876 shows a velocity similar to Si ii
• If the ∼ 5400Å feature remains He dominated after maximum then it levels off to a velocity lower than that of Fe ii and Ca ii Thus, we have a model which suggests that there may be a small amount of He in the ejecta, but its behaviour is unlike that in any He-rich SN. NIR spectra would aid in the identification of helium as He i λ 2.058 µm is a strong line that is somewhat isolated from other prominent features. If He is present, then the progenitor appears to have been almost completely stripped of it prior to explosion, leaving some residual amount to imprint on the spectra.
Classification
The classification of SN 2016coi is complicated by the uncertain presence of He in the ejecta, Yamanaka et al. (2017) took the view that this was a broad-lined type Ib. In the previous section however, it was noted that the identification of He is promising, but not conclusive. In two methods for classifying SE-SNe were presented for He-rich and He-poor SNe. In that work no SE-SNe was found to have just a small quantity of He present, it was either clearly there or absent. There are more than a dozen examples of SNe classified as type Ic with spectroscopy earlier than a week before maximum light, when features akin to those in SN 2016coi would be visible. It is unexplained how the envelope stripping process could leave a clear distinction between SNe with enough He to form strong lines and no He. If SN 2016coi was to have He in the ejecta then would this represent a unique intermediate case? This seems unlikely, as our results suggest that if there is He present in the ejecta it is not in the form of a He shell, but a result of some mixing into the C/O layer below this (as per the line velocities). It may be the case here that residual He is non-thermally excited by 56 Ni mixed into the outer layers but the abundance is so small that it rapidly becomes too diffuse to further influence line formation. Indeed, the velocity of He i lines closely follows that of the photosphere. This may also suggest that because 56 Ni mixing is expected to occur in SNe Ic, especially those with broad lines, and because these features are not seen then they are genuinely free of He. SN 2016coi is spectroscopically similar to Ic-4 SNe around peak, regardless of the arguments for and against the presence of He. Thus, based upon the method for SN classification presented in , we classify SN 2016coi as Ic-4(14/21) where 4 is the mean number of features visible in the spectra at t −1/2 and t max , 14 is the velocity of the Si ii line at t max in units of 1000 km s −1 (see Section 6.2.1), and 21 is t +1/2 in units of rest-frame days. This classification system provides a quick reference to compare He-poor SNe line blending and physical properties.
The typical specific kinetic energy of Ic-4 SNe is ∼ 2, but they show a wide range of L p , E k , and M ej , as well as temporal parameters. SN 2002ap is relatively dim, had low M ej ∼ 2.5 M and E k ∼ 4 × 10 51 erg whereas Ic-4 SN 1997ef had M ej ∼ 8M and E k ∼ 16 × 10 51 erg. SN 2016coi sits between the two with of M ej = 4 − 7 M , E k = (4.5 − 7) × 10 51 erg and E k /M ej ∼ 1.6 [10 51 erg/M ].
A final point on the classification is that as more examples of this type of SN are discovered, and if the presence of He is confirmed, then the taxonomy should be adjusted to account for these objects and their physical parameters. We suggest that the scheme from could be adapted to account for this by referring to such SNe as Ic(b)-N .
CONCLUSIONS
We have presented the photometric and spectroscopic evolution of type Ic-4(14/21) SN 2016coi for around 460 days, from shortly after explosion until the nebular phase. Our dense sample of 56 spectra has allowed us to trace the evolution of features within the SN and the transition to the nebular phase in unprecedented detail. It has been found that the SN has quite typical light curve parameters in comparison with other non-GRB associated type Ic events with a griz pseudo-bolometric L p = (1.9 ± 0.1) × 10 42 erg s −1 and ugriz L p = (2.4 ± 0.1) × 10 42 , and an estimated total bolometric UVOIR luminosity of L p ∼ 3 × 10 42 . The griz temporal parameters, with t −1/2 = 12.4 ± 0.5 d and t +1/2 23 ± 1 d, are a little more extreme than normal SNe Ic but not as extreme as the broadest SNe Ic. The SN follows a late time decay rate (non-host subtracted) of 0.015 mag d −1 . The SN synthesised ∼ 0.14 M of 56 Ni based upon the estimated UVOIR light curve peak and the results of spectral modelling (contrasting with ∼0.09 M from the griz L p alone). We note that there is significant uncertainty in the distance to the SN and the value of E (B − V) host . We have attempted to constrain these properties where possible but accept that M Ni and L p are greatly affected by changes to these values.
Spectroscopically the SN shows broad absorption features common the Ic-3/4 SNe, but a strong absorption around ∼ 5400Å in the early spectra is unusual. This feature, in conjunction with weaker features at ∼ 6100Å and ∼ 6500 A, suggests the presence of helium in the ejecta. However, spectral models and observational evidence indicates that if this is He then it is in very low quantities and located at low velocities in a C/O dominated shell. It becomes diffuse quickly as the lines weaken with strength towards maximum light, contrary to the behaviour of the lines in He-rich SNe. By ∼ +2 d the feature is dominated by Na. We conclude that the SN is a "broad-lined " type Ic that likely retains trace He mixed in the a C/O dominated shell, which is non-thermally excited at early times by 56 Ni projected into the outer layers. It does not represent a case of a SN Ib with weak He lines.
Spectral models indicate that SN had E k = (4.5−7)×10 51 erg and M ej = 2.5 − 4 M , with ∼ 1.5 M below 5000 km s −1 . This makes SN 2016coi one of the more massive He-poor SE-SNe and similar to Ic-6 SN 2004aw ). The host is LMC-like, and the SN exploded away from starforming regions. Additionally we suggest that the metallicity of the host is similar to that of the LMC. From this and M ej we estimate that the progenitor, likely a Wolf-Rayet star at the time of explosion, had M ZAMS = 23 − 28 M . 4500 5000 5500 6000 6500
Rest-frame wavelength [ ] Scaled flux + offset Figure A1 . The pre-peak spectra of SN 2016coi showing static features. The blue dotted line and region surrounds a line that may be in emission, this does not move as the absorption feature moves in velocity underneath suggesting that it is external to the SN ejecta. This feature is present in spectra from three different instruments located in China, La Palma, and Hawaii, which suggests it is not noise. The green dashed line and the red dashed line show a feature that is in absorption (green) and possibly emission (dashed). The feature disappears as the pseudo-emission peak moves red-ward.
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APPENDIX A: STATIC FEATURES IN THE SPECTRA
The early spectra of SN 2016coi show two regions where features appear to be static despite the rapid evolution in line velocity and the degree of blending, they are shown in Figure A1 . Analysis of these features is beyond the scope of this work but we briefly discuss their effect on the early time spectra.
Aside from the abnormal strength of the absorption ∼ 5500Å the early spectra also show an line absorption around ∼ 5170Å and a possible re-emission peak at 5240 A. The absorption is rather weak, and by peak it has disappeared into the absorption caused by the blend of lines blue-ward of its position. Strangely, the velocity evolution of this line, if any, is also weak, especially compared with how the absorption profiles blue-ward and red-ward are decreasing in velocity. At t = −13.1 d the absorption profile looks to be significantly broader than at later times, this however may be deceptive as the S/N of the spectrum masks the true position of the base and the re-emission peak that the absorption profile is sitting on is being narrowed and shifted red-ward over time but the competing absorption features either side of it.
We can find no explanation for this in the ions normally found in SN ejecta. If the "emission" at 5240Å is the rest wavelength of the absorption then the line velocity is extremely small ∼ 4000Å when compared with other line velocities at this epoch.
There also appears to be a weak "emission feature" around 4670Å, which is static against the red-ward movement of the broad absorption feature behind it. The feature does not appear to be systematic as it is present in spectra from SPRAT, Floyds, and LJT. Assuming this feature is some emission line at the rest wavelength then estimate of the half width at half maximum (∼ 15 − 25Å) gives a velocity of ∼ 1000 km s −1 . The line disappears as the pseudoemission peak immediately blue-ward moves into the same wavelength regime and is not seen again. If the line was the result of recombination from ionised circumstellar medium (CSM) it could be attributable to He ii λ 4686 offset by 1000 km s −1 , however there appears to be no evidence for other emission lines and so we remain sceptical. Note that in the post-peak spectra there is a small pseudo-emission peak in the Fe ii blend that is attributable to the de-blending of Fe ii λ 4924 and λ 5018 lines from the Fe ii λ 5169 line. This is commonly seen in the evolution of SE-SNe.
Recognising the behaviour of the 4670Å feature is important because it could be mistaken for a pseudo-emission peak related to the Doppler shifted Fe ii 5018Å line. As classification is dependent upon the blending of the three strong Fe ii lines in this region (see Section 8.2) then the behaviour of this feature must be catalogued. As the line is static we can rule out its being a consequence of Fe ii.
APPENDIX B: LINE VELOCITY MEASUREMENTS OF BLENDED LINES
Blended lines cause a problem for line velocity measurements as the minima of the absorption features do not necessarily represent a single atomic transition. To demonstrate, we use the spectra of SN 2002ap and measure the velocity of the feature in the region around 4500 − 5000Å from the absorption minimum and using the three strong iron transitions in this region; Fe ii 4924, 5018, 5169. The results are shown in Figure B1 where it can be seen that it is not possible to define the velocity throughout by the use of a single line, we also show v ph as found by Mazzali et al. (2002) .
This plot shows that the Fe ii λ 5169 line cannot be used to accurately define the velocity of Fe ii in blended lines, and Figure B1 . The line velocity of the absorption feature at ∼ 4800 A in SN 2002ap as measured using three iron lines; Fe ii 4924, 5018, 5169. The periods when the lines are blended and clearly unblended are marked. We also include the photospheric velocity measurements determined through spectral modelling (Mazzali et al. 2002) . It can be see that Fe ii 5169 is a poor proxy for the line velocity at peak because when the lines de-blend the velocity measurements are suddenly some ∼ 20, 000 km s −1 lower. It may be tempting to use Fe ii 4924 as it appears to match the line velocity at the de-blending stage, however at early times this line returns velocities below that of the photospheric velocity, a situation that not physical.
if one is to use this line in this respect then appropriate steps must be taken to quantify the uncertainties. The inclusion of v ph also demonstrates that Fe ii λ 5169 is a poor proxy for the photospheric velocity.
APPENDIX C: SPECTRAL PLOTS APPENDIX D: TABLES
This paper has been typeset from a T E X/L A T E X file prepared by the author. Figure C1 . Extinction corrected spectra of SN 2016coi. The grey shaded regions represent prominent telluric features. Spectra are from LT (black), LJT (blue), LCO (green). In certain cases spectra have been truncated to remove excessive noise.
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